We investigated the role of phosphodiesterases (PDEs) in the integration of cAMP signals and protein kinase A (PKA) activity following ␤-adrenergic stimulation, by carrying out real-time imaging of male mouse pyramidal cortical neurons expressing biosensors to monitor cAMP levels (Epac1-camps and Epac2-camps300) or PKA activity (AKAR2). In the soma, isoproterenol (ISO) increased the PKA signal to approximately half the maximal response obtained with forskolin, with a characteristic ␤ 1 pharmacology and an EC 50 of 4.5 nM. This response was related to free cAMP levels in the submicromolar range. The specific type 4 PDE (PDE4) inhibitor rolipram had a very small effect alone, but strongly potentiated the PKA response to ISO. Blockers of other PDEs had no effect. PDE4 thus acts as a brake in the propagation of the ␤ 1 -adrenergic signal from the membrane to the bulk somatic cytosol. The results for a submembrane domain were markedly different, whether recorded with a PKA-sensitive potassium current related to the slow AHP or by two-photon imaging of small distal dendrites. The responses to ISO were stronger than in the bulk cytosol. This is consistent with the cAMP/PKA signal being strong at the membrane, as shown by electrophysiology, and favored in cellular domains with a high surface area to volume ratio, in which this signal was detected by imaging. Rolipram alone also produced a strong cAMP/PKA signal, revealing tonic cAMP production. PDE4 thus appears as a crucial integrator with different physiological implications in different subcellular domains.
Introduction
Neuromodulators control various properties of neurons. Norepinephrine, one of the many neuromodulatory substances affecting diverse aspects of behavior, is known to play an important role in the cortex (Sara, 2009) . Norepinephrine exerts its action partly through ␤-adrenergic receptors (␤-AR), through which it stimulates the production of intracellular cAMP. The cAMP and cAMP-dependent protein kinase (PKA) signaling cascade is thus an important integrator of neuromodulatory signals, and dysfunctions in this signaling pathway are associated with various psychiatric conditions.
Phosphodiesterases are widely thought to play a crucial role, by degrading cAMP into AMP, thereby terminating the response. However, the contribution of phosphodiesterases to the precise dynamics of signal integration remains poorly understood. Various phosphodiesterases are expressed in the brain, but type 4 phosphodiesterases (PDE4) have a critical function. Mice lacking the PDE4D gene behave as if they had been treated with antidepressants (Zhang et al., 2002) . Chromosomal translocations in the PDE4B gene (Millar et al., 2005) or alterations in the DISC1 gene (Millar et al., 2000) , which encodes a protein known to bind PDE4B, are also associated with psychiatric illnesses (Millar et al., 2007) . In addition, the cAMP produced in response to isoproterenol (ISO) is mostly degraded by PDE4 in the cortex (Ye and O'Donnell, 1996) . These studies have shown that PDE4 activity is required for the correct integration of neuromodulatory signals. This is further confirmed by the effects of rolipram, a specific PDE4 blocker, which reverts deficits observed in several psychiatric disorders (Wachtel, 1983; Zhang et al., 2002) related with changes in cAMP (O'Donnell and Zhang, 2004 ; H. T. .
The side effects of rolipram preclude its use in medicine, but it would nonetheless be interesting to understand the cellular basis of its action. This question can now be addressed directly by cellular imaging methods. Genetic constructs encoding fluorescent resonance energy transfer (FRET) probes for the cAMP/PKA signaling cascade (Vincent et al., 2008) have been used for the real-time measurement of PKA activity with AKAR2 (J. and cAMP levels have been assessed with Epac-derived sensors (Nikolaev et al., 2004; Norris et al., 2009) , from the cell body to small dendritic branches in pyramidal cortical neurons in brain slices. PKA activity has also been monitored with the slow afterhyperpolarization potential (sAHP), which is suppressed by PKA in response to several neuromodulators (Haas and Konnerth, 1983; Lancaster and Adams, 1986; Nicoll, 1988; Sah, 1996) . We found that cAMP/PKA signaling was tightly controlled by PDE4 in both cellular domains, but with very different consequences for signal integration.
In the soma, PDE4 strongly limited the cAMP/PKA signals elicited by ␤1-AR. By contrast, in a domain in which recordings were made by two-photon imaging in small dendrites or by electrophysiology, PDE4 continuously degraded cAMP which was tonically produced. PKA activity was thus maintained at a level such that both up-and downregulations were possible, as illustrated by potassium current measurements.
Materials and Methods
Virus production, brain slices, and infection. We used the Sindbis virus as a vector (Ehrengruber et al., 1999) . The coding sequences of AKAR2, AKAR2mut, Epac1-camps and Epac2-camps300 were subcloned into the viral vector pSinRep5 (Invitrogen), as previously described . The Q69M substitution was introduced into the EYFP acceptor fluorophore of Epac2-camps300, to convert the acceptor into a Citrine. The resulting construct, Epac2-camps300-Cit, was used for twophoton imaging in dendrites. Male 9-to 14-d-old C57BL/6 mice (Janvier) were used in this study. Coronal brain slices were cut with a HM650V vibratome (Microm), or with a VT1000S or VT1200S microtome (Leica). Slices were prepared in an ice-cold solution of the following composition (in mM): 125 NaCl, 0.4 CaCl 2 , 1 MgCl 2 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 and 25 glucose, saturated with 5% CO 2 and 95% O 2 . The slices were incubated in this solution for 30 min and then placed on a Millicell-CM membrane (Millipore) with culture medium (50% minimal essential medium, 50% Hanks' balanced salt solution, 6.5 g/L glucose, penicillin-streptomycin, Invitrogen). The viral vector (ϳ5 ϫ 10 5 particles per slice) was added and slices were incubated overnight at 35°C with 5% CO 2 . Before recording, slices were incubated for 1 h in the recording solution (identical to the solution used for cutting except that the calcium concentration was 2 mM). During recordings, brain slices were continuously perfused at 32°C with this solution saturated with 5%CO 2 / 95%O 2 , as previously described . Each slice was used to test one agonist only and slices were discarded after the forskolin (FSK), or FSKϩIBMX (3-isobutyl-1-methylxanthine) response.
Optical recordings on brain slices. Recordings were made on visually identified pyramidal neurons in layer V of the mouse parietal cortex. Wide-field images were obtained with an Olympus BX50WI or BX51WI upright microscope with a 20ϫ 0.5 numerical aperture (NA) or a 40ϫ 0.8 NA water-immersion objective and either a Micromax digital camera (Roper Scientific) or an ORCA-AG camera (Hamamatsu). Acquisition was controlled using iVision (BioVision). The excitation and dichroic filters used were D436/20 and 505dclp. Signals were acquired by alternating the emission filters, HQ480/40 for CFP and D535/40 for YFP, with a filter wheel (Sutter Instruments). All filters were obtained from Chroma Technology.
Two-photon images were obtained with a custom-built two-photon laser scanning microscope based on an Olympus BX51WI upright microscope with a 60ϫ 0.9 NA water-immersion objective and a Ti:sapphire laser (MaiTai HP; Spectra Physics) tuned to 850 nm for CFP excitation. Galvanometric scanners (model 6210, Cambridge Technology) were used for raster scanning, and a piezo-driven objective scanner (P-721 PIFOC; Physik Instrumente GmbH) was used for Z-Stack image acquisition. The system was controlled by MPscope software (Nguyen et al., 2006) . A two-photon emission filter was used to reject residual excitation light (E700 SP, Chroma Technology). A fluorescence cube containing 479/40 and 542/50 emission filters and a 506 nm dichroic beamsplitter (FF01-479/40, FF01-542/50, and FF506-Di02-25x36 Brightline Filters; Semrock) was used for the orthogonal separation of the two fluorescence signals. Two imaging channels (H9305 photomultipliers, Hamamatsu) were used for simultaneous detection of the two types of fluorescence emission.
Images were analyzed with custom routines written in the IGOR Pro environment (Wavemetrics). For AKAR2, we calculated the ratio of each pixel as the emission at 535 nm divided by the emission at 480 nm (F535/F480). This ratio was inverted for Epac2-camps300 and Epac1-camps. The pseudocolor images were calculated to display simultaneously the ratio information (coded in hue) and the fluorescence of the preparation (averaged F480 and F535; coded in intensity).
Patch-clamp recordings. Patch pipettes (2-3 M⍀) were filled with a solution containing 130 mM potassium methane sulfonate, 10 mM HEPES, 1 mM 5,5Ј-dibromo BAPTA, 5 mM MgCl 2 , 0.1 mM CaCl 2 , 4 mM ATP-Na 2 , 5 mM creatine phosphate, pH 7.35. Potentials were corrected for the liquid junction potential (7 mV). Cells were maintained at holding potential of Ϫ67 mV. The amplitude of the sAHP current was monitored by applying a train of 20 steps of 3 ms duration at a frequency of 80 Hz, from Ϫ67 mV to ϩ13 mV, but the amplitude of the sAHP current was less stable than the holding current, which was therefore used in our measurements and called tonic potassium current (tonic I K ). A 10 mV hyperpolarizing jump was applied before each train, to monitor series and input resistances. Experiments were discarded if the series resistance increased above 10 M⍀. The transient capacitive currents remained constant throughout the experiments. Current-clamp recordings were performed with the same internal solution, except that 5,5Ј-dibromo BAPTA was replaced by EGTA (1 mM). Neurons were held at Ϫ65 mV and current pulses were applied until trains of spikes were obtained. All data were acquired with an Axopatch 200B amplifier (Molecular Devices) and analyzed with AxographX software (AxoGraph Scientific).
Data analysis and statistics. In each slice, for each neuron, the response was normalized with respect to the maximal ratio change obtained with FSK (AKAR2) or FSKϩIBMX (Epac1-camps and Epac2-camps300). We analyzed the responses of at least 4 the neurons in each slice, to generate one data point. The Hill equation was fitted to the concentrationresponse curve for the effects of ISO. The amplitude of tonic potassium current was measured as the difference between basal and FSK inhibited tonic current. All data are expressed as means Ϯ SEM and the number of slices is denoted by n. When appropriate, unpaired Student's t tests were used for statistical comparisons and a p value Ͻ0.05 was considered statistically significant and indicated by an asterisk.
Drugs. ISO, IBMX, and BRL 50481 were purchased from Sigma-
and apamine were obtained from Tocris Bioscience; Rp-cAMPS was obtained from Biolog, and 5,5Ј-dibromo BAPTA was obtained from Invitrogen.
Results

␤-AR stimulation increases PKA activity via ␤ 1 -AR
In the first series of experiments, we studied the cAMP/PKA response to the stimulation of ␤-AR. We investigated whether AKAR2 could be used as a reporter of the activation of PKA by the nonselective ␤-AR agonist ISO. Bath application of ISO (100 nM) induced a clear increase in the F535/F480 emission ratio in all AKAR2-expressing cells (Fig. 1) . ISO increased the FRET emission ratio to 43 Ϯ 4% (n ϭ 11) of the maximal response induced by the direct adenylyl cyclase activator FSK (always used at 13 M). The response decreased with prolonged exposure to the agonist, probably as a consequence of receptor desensitization. FSK led to maximal phosphorylation of the sensor, because the broad-spectrum PDEs inhibitor IBMX produced no further increase in the ratio above that observed with FSK . All measurements were therefore normalized with respect to the FSK response obtained at the end of each experiment.
We checked that the signal recorded in our conditions was dependent on the phosphorylation of AKAR2, by carrying out the same experiments with a mutant form of AKAR2 (AKAR2mut), in which the threonine residue that is phosphorylated to activate the molecule was replaced by an alanine residue (J. Gervasi et al., 2007) . In these conditions, no change in emission ratio was observed with 1 M ISO or FSK (n ϭ 4).
Both ␤ 1 -and ␤ 2 -AR are positively coupled with adenylyl cyclase via Gs proteins. The non selective activation of ␤-AR had a dose-dependent effect on AKAR2 emission ratio, with an EC 50 of 4.5 nM (Fig. 2) . We used a combination of ISO and the ␤ 2 -AR antagonist ICI 118551 (10 nM) to stimulate ␤ 1 -AR selectively, and a combination of ISO and the ␤ 1 -AR antagonist CGP 20712 (100 nM) to stimulate ␤ 2 -AR. The specific activation of ␤ 1 -AR (ISO with ICI 118551) resulted in a dose-dependent effect similar to that observed with ISO alone (EC 50 of 5.9 nM). By contrast, in the presence of CGP 20712, ISO had only a small effect (22.8% of the response to ISO alone), indicating that ISO activates PKA in cortical neurons principally via the ␤ 1 -AR subtype.
␤-AR stimulation results in low levels of cAMP production
The cAMP signal underlying the PKA response was then measured with a cAMP sensor consisting of the cAMP-binding domains of Epac1, Epac1-camps, which has an EC 50 of 2.4 M (Nikolaev et al., 2004) . Surprisingly, we observed no significant response to ISO ( Fig. 3A-C) , whereas FSK alone increased the emission ratio to just over half (60 Ϯ 6%; n ϭ 4) the maximal response obtained with FSK plus 200 M IBMX. Thus, even FSK is not sufficient for the maximal activation of Epac1-camps. We then used a new, more sensitive cAMP sensor, Epac2-camps300 which has an EC 50 of 320 nM for cAMP, in the range of concentrations relevant for PKA activation (Norris et al., 2009) . Bath application of ISO (100 nM) induced a significant increase in the F480/F535 emission ratio in all Epac2-camps300-expressing neurons (Fig. 3D-F) . FSK produced a near-maximal response, as the further addition of IBMX (200 M) increased the F480/F535 emission ratio by Ͻ20%, consistent with a higher sensitivity to cAMP than Epac1-camps. We therefore used this sensor for quantification purposes, calculating the response obtained as a percentage of the maximal FSKϩIBMX response. With Epac2-camps300, 100 nM ISO induced a response that was 22 Ϯ 3% (n ϭ 10) of FSK ϩ IBMX, suggesting that the increase in free cAMP concentration in response to ISO remains below the EC 50 of 320 nM.
PDE4 inhibition potentiates the cytosolic cAMP/PKA response induced by ␤-AR
The amplitude of the AKAR2 response to a saturating ISO concentration was only half the maximal response to FSK (46 Ϯ 6%; n ϭ 8; Fig. 2 ). Among the various mechanisms that may limit this PKA activation we suspected the involvement of PDE, including PDE4. Indeed, previous studies have shown that the inhibition of PDE4 activity increases the global levels of cAMP produced in response to the stimulation of ␤-AR in homogenates of slices of mouse cerebral cortex (Yamashita et al., 1997; H. T. Zhang et al., 2005) . We investigated the effect of rolipram, a specific blocker of the PDE4 family, on AKAR2 phosphorylation level. Rolipram (100 nM) treatment alone resulted in a significant, but small increase in PKA activity (5.9 Ϯ 1.2% of the maximal FSK response; n ϭ 21; Fig. 4 A) . However, rolipram significantly enhanced the PKA responses to ISO: rolipram increased ISO responses by 300% for low concentrations (3 nM) and 40% for saturating concentrations (1 M).
In the presence of the ␤ 1 -AR inhibitor CGP (100 nM), rolipram plus 1 M ISO resulted in a response with an amplitude 24 Ϯ 4% (n ϭ 4) that of the maximal response obtained with FSK, whereas, in the absence of rolipram, the same concentration of ISO induced a response 13 Ϯ 2% (n ϭ 10) the size of the maximal response obtained with FSK. These findings indicate that the potentiating effect of rolipram is exerted principally through the ␤ 1 -AR receptor (data not shown).
We thought that this effect might result from regulation at the level of cAMP concentration. Modeling studies and recordings on primary cultures of embryonic hippocampal neurons indicated that ISO stimulation in the presence of rolipram results in a strong increase in cAMP levels (Neves et al., 2008) . This was tested in our more mature preparation of cortical brain slices, with the cAMP sensor Epac2-camps300. Rolipram had negligible effects on its own, but doubled the effects of 100 nM ISO (Fig. 4 B) , increasing the amplitude of the response from 22 Ϯ 3% (n ϭ 10) (see above) to 41 Ϯ 2% (n ϭ 8). Thus, PDE4 does indeed regulate the ␤ 1 -AR response in cortical pyramidal neurons, at the level of cAMP concentration, which remains below micromolar levels even when PDE4 is inhibited.
However, PDE4 may not be the only PDEs regulating the cAMP signal. We tested this hypothesis by investigating the role of other PDEs, using a combination of several PDEs inhibitors (1 M cilostamide, 10 M EHNA, 10 M zaprinast and 1 M BRL50481) to inhibit PDE1, PDE2, PDE3, PDE5 and PDE7. This combination had no significant effect on the AKAR2 response to 100 nM ISO (44 Ϯ 6%; n ϭ 6). Based on these findings we conclude that, in pyramidal neurons, PDE4 are the major PDEs hydrolyzing the cAMP produced in response to ␤ 1 -AR activation. PDEs other than PDE4 and/or cAMP extrusion through multidrug resistance protein, for example, must nevertheless be active, because, even in the presence of rolipram, the response to ISO never reached the maximal level obtained with forskolin.
Tonic adenylyl cyclase and PDE4 activities in small dendrites
Wide-field imaging reports changes in cAMP concentration or PKA activity level mainly in the somatic cytosol. However, the cAMP/PKA cascade has been reported to differ at the membrane compartment in cultured cells (Rich et al., 2001 ) and in intralaminar thalamic neurons . Modeling studies have also shown that, with their higher surface area to volume ratio, dendrites with a small diameter should have different cAMP dynamics (Neves et al., 2008) . Using two-photon microscopy on cortical brain slice preparations, we recorded AKAR2 ratio changes in layer V pyramidal neurons in the cell body and in small dendritic branches emanating from these neurons and recorded in layer I.
In the cell body, ISO (100 nM) increased the ratio to 60% (n ϭ 3) of the FSK response, a response similar to that obtained with wide-field imaging. However, responses of small dendrites were significantly larger with 93 Ϯ 5% (n ϭ 3) of the FSK control (Fig.  5C ). Thus, small dendrites do indeed behave differently from the cell body. We then assessed the effect of PDE4 inhibition: rolipram alone increased the AKAR2 ratio to 35 Ϯ 10% (n ϭ 4) of the FSK response (Fig. 5 A, B) , a much larger response than that recorded by wide-field imaging over cell bodies.
We checked that this increase in AKAR response resulted from an increase in cAMP concentration, by recording the cAMP signal in small dendrites with Epac2-camps300-Cit, a derivative of Epac2-camps300 in which EYFP is replaced by the more stable citrine. Rolipram alone increased the Epac2-camps300-Cit ratio to 44 Ϯ 4% (n ϭ 4) of the maximal FSKϩIBMX response (Fig. 5 D, E) . The application of ISO (100 nM), alone or in the presence of rolipram, strongly increased the ratio to 67 Ϯ 4% (n ϭ 4) and 92 Ϯ 3% (n ϭ 4) of the maximal FSKϩIBMX response, respectively (Fig. 5F ). Again, this response was much larger than the response recorded by wide-field imaging over cell bodies (Fig. 4 B) .
Thus, ISO stimulation produces a stronger response in small dendrites than in the cell body. In addition, adenylyl cyclases tonically produce cAMP, which is degraded by PDE4, resulting in the maintenance of low resting concentrations.
PDE4 controls the phosphorylation level of the potassium current associated with sAHP
We then investigated the impact of this cAMP/PKA signaling on neuronal activity. The slow afterhyperpolarization (sAHP) current regulates neuronal excitability in the cortical pyramidal neurons of rodents (McCormick and Prince, 1986) and humans ( McCormick and Williamson, 1989) . This current, the molecular identity of which remains unknown, is associated with a tonic outward potassium current (referred to hereafter as tonic I K ), and both currents are strongly reduced by PKA-mediated phosphorylation in response to various neuromodulators (Goaillard and Vincent, 2002) . We therefore used the tonic I K to investigate PKA activation at the plasma membrane and as an indicator of the effect of PKA on neuronal excitability. We recorded the sAHP current in pyramidal cortical neurons, with an associated tonic I K of Ͻ100 pA; both the sAHP current and tonic I K were suppressed by FSK. Replacement of the EGTA in the internal solution by 1 mM 5,5-dibromo BAPTA has been reported to potentiate tonic I K strongly, while maintaining its sensitivity to PKA (Lancaster and Batchelor, 2000; Lancaster et al., 2006) . Under these conditions, tonic I K had an amplitude of 460 Ϯ 40 pA (n ϭ 22) and was observed in Ͻ80% (n ϭ 54) of the tested pyramidal neurons. Apamin (100 nM; n ϭ 4) had no effect on this current, demonstrating a lack of involvement of SK channels. This current was used to quantify PKA activity at the plasma membrane in response to various drugs.
We first examined the effect of PDE4 on tonic I K . Rolipram (100 nM) alone strongly inhibited this current (Fig. 6 A) by a mean of 225 Ϯ 42 pA (55% decrease; n ϭ 8). This is consistent with the constitutive synthesis of cAMP, which is tightly controlled by PDE4, as revealed by imaging experiments in small dendrites.
The application of ISO (10 nM) in the presence of rolipram strongly reduced the remaining current to 37 Ϯ 22 pA (n ϭ 5), and subsequent application of FSK (13 M) only left a small leak current of Ϫ55 Ϯ 27 pA (n ϭ 19; Fig. 6 A) . In the absence of rolipram, low concentrations of ISO (1 nM) clearly inhibited tonic I K (58%), with higher concentrations (10 nM) having an even stronger inhibitory effect (84%). In the presence of rolipram, the inhibitory effect of ISO was potentiated to 75% (n ϭ 7) and 92% (n ϭ 5), respectively (Fig. 6 B) .
For confirmation of the involvement of PKA in the inhibitory effect of rolipram, we performed the same experiments with an intracellular solution containing 500 M Rp-cAMPS, a specific PKA inhibitor. Rp-cAMPS alone doubled the tonic I K to 875 Ϯ 71 pA (n ϭ 4), confirming the tight control of this current by constitutive PKA activity (Fig. 6 B) . In these conditions, neither rolipram alone (100 nM) nor rolipram with 10 nM ISO inhibited tonic I K , demonstrating the exclusive role of PKA in modulating tonic I K . This experiment also demonstrated that rolipram did not function as a direct blocker of the channel underlying tonic I K .
The effect of rolipram on tonic I K was also observed when 1 mM BAPTA was used as the internal calcium buffer (n ϭ 7), ruling out a possible nonspecific effect of 5,5Ј-dibromo BAPTA on the cAMP/PKA signaling cascade.
PDE4 inhibition promotes excitability in pyramidal cells
The sAHP current and associated tonic I K are small with standard intracellular solution, but they nonetheless have profound impact on the resting membrane potential and spike pattern, suggesting that PDE4 may play a crucial role in the control of electrical activity in pyramidal neurons. This was shown by patch-clamp recordings in current-clamp mode: rolipram increased the number of spikes obtained during the depolarizing current pulse (n ϭ 5, Fig. 7 ).
Discussion
The recent advent of biosensors have opened up a new field of research in cellular neurosciences, allowing real-time quantitative imaging at the subcellular level in individual neurons in brain slice preparations. The use of biosensors in combination with electrophysiology made it possible to reconsider the importance of PDE4 in the regulation of signal integration in morphologically intact cortical pyramidal neurons. Our results reveal two different functional compartments: the bulk cytosol, which can be monitored by imaging cell bodies, and a submembrane domain, which can be studied by recording the PKA-sensitive tonic I K or by imaging small dendrites. The bulk cytosol and submembrane domain differ in the amplitude of their response to receptor stimulation. PDE4 plays a crucial role in both domains, but the physiological consequences of its action differ between the two domains.
Compartmentation of the signals: bulk cytosol versus submembrane domain
In the bulk cytosol, the stimulation of ␤ 1 -AR receptors induced responses barely half as strong as the maximal response, demonstrating an attenuation of the signal during its journey from the membrane. PDE4 is involved in this attenuation, because its inhibition strongly potentiated the cAMP/PKA signal obtained in response to the activation of ␤ 1 -AR receptors. In addition, PDE4 had little effect on resting PKA activity level, showing that the bulk cytosol is little affected by the tonic cAMP production.
The cAMP signal was processed differently in the submembrane domain as reported by electrophysiology. Tonic I K was used as a reporter of PKA activation in this domain and PDE4 inhibition was shown to increase the PKA-dependent inhibition of tonic I K . In addition, the pharmacological inhibition of PKA doubled the tonic I K , showing that constitutive cAMP production is counterbalanced by PDE4 activity, resulting in intermediate levels of PKA activity. This steady-state level between tonic cAMP production and PDE4-mediated degradation was shown to critically affect neuronal excitability. These results were confirmed by visualizing the submembrane domain by two-photon imaging of biosensors in apical dendrites, a confined volume favoring cAMP accumulation (see below). The results clearly showed that PDE4 inhibition alone increased tonic cAMP levels and PKA activity in this submembrane domain. Functional differences in PKA signaling can result from the spatial organization of neurons, as was clearly reported in invertebrate neurons (Bacskai et al., 1993; Hempel et al., 1996) . Our earlier work also showed that activation of the 5-HT 7 receptor in intralaminar thalamic neurons led to PKA responses that were both stronger and faster in the submembrane compartment . Differences between a submembrane domain and the bulk cytosol have also been reported in other cell types, including HEK293 cells (Rich et al., 2000 (Rich et al., , 2001 and cardiomyocytes (Saucerman et al., 2006 ). An important factor indeed is the diameter of the compartment: with cAMP production occurring at the membrane, a high surface area to volume ratio in small-diameter compartments favors the accumulation of cAMP, whereas the filling of a large cytosolic volume with cAMP, if ever possible, would take longer and be less efficient. Modeling approaches have suggested a threshold dendrite diameter of 1-3 m to allow for cAMP accumulation (Neves et al., 2008) . Our data obtained from morphologically intact neurons clearly fit to this model: cAMP accumulated in small dendrites, in which it was detected with Epac2-camps300-Cit and AKAR2. In larger domains such as the cell body, cAMP may still be produced at the same rate as at the membrane, but it rapidly diffuses throughout the large volume of the cell body, decreasing its concentration below the activation threshold for biosensors.
In addition to the geometric effects of surface area to volume ratio, the somatic and dendritic membranes of the neuron may bear different types and/or concentrations of the proteins involved in the cAMP/PKA cascade. It remains unclear whether the compartment responsible for the signal detected by two-photon imaging and electrophysiology corresponds to the whole neuronal membrane, including the soma, or whether it is limited to the dendritic tree. Signaling microdomains formed by highly organized multiprotein complexes have also been shown to play an important role in this signaling (Tasken and Aandahl, 2004; Willoughby and Cooper, 2007) . For example, PDE4 has been reported to interact with ␤ 1 -AR or to form a macromolecular complex with ␤ 2 -AR and ␤-arrestins in HEK293 cells and cardiomyocytes (Perry et al., 2002; Houslay and Baillie, 2005; Richter et al., 2008) . Moreover, PDE4 is also known to interact with scaffolding proteins, such as A-Kinase Anchoring Proteins (AKAP), which have been shown to play a functional role in various cell types, including neurons (Rosenmund et al., 1994; Fraser and Scott, 1999; Tasken and Aandahl, 2004) . However, intracellular perfusion with the AKAP decoy peptide Ht31 has no effect on the PKA-dependent modulation of sAHP current (Lancaster et al., 2006) , indicating that AKAPs may not be involved in the regulation studied here. The properties of signaling microdomains can even be remodeled dynamically by the rapid translocation of key proteins involved in the signaling cascade. For example, type II regulatory subunits of PKA have been shown to be colocalized with MAP2 in the dendrites, thus maintaining a large pool of catalytic subunits for rapid release in response to noradrenergic stimulation, allowing the rapid diffusion of the free catalytic subunit into dendritic spines (Zhong et al., 2009 
Steady-state level of second messenger signals
The results presented here reveal a peculiarity of these neuronal cells in the way they handle their intracellular cAMP concentration. We observed in the bulk cytosol that saturating doses of ISO failed to activate Epac1-camps, a probe with an EC 50 for cAMP of 2.4 M (Nikolaev et al., 2004) , while the same stimulus activated Epac2-camps300, a probe with an eightfold lower EC 50 (Norris et al., 2009 ). This shows that free cAMP concentration clearly increases, but remains in the submicromolar range in the bulk cytosol during the ␤ 1 -adrenergic response. Modeling approaches have suggested that free cAMP concentration is ϳ250 nM in the soma during ISO stimulation, consistent with our observations (Neves et al., 2008) . These values contrast findings for various other cell types, in which cAMP signals rise well above micromolar concentrations in response to various receptor agonists. For example, strong responses to ␤-adrenergic stimulation have been recorded with Epac1-camps in primary cultures of cardiomyocytes, fibroblasts, macrophages and thyroid cells (Leroy et al., 2008; Calebiro et al., 2009) . Cell lines have also been reported to display strong responses, for example in the MIN6 pancreatic cell line after stimulation of the glucagon receptor (Landa et al., 2005) , or in HEK-293 cells after stimulation of ␤2-adrenergic receptors, where cAMP increases up to 10 M (Violin et al., 2008) . cAMP degradation must therefore be particularly efficient in neurons, and we have shown that PDE4 is a key actor in this process. However, other mechanisms must also be at work, because, in the presence of rolipram, cAMP responses were far from saturating Epac2-camps300. These alternative cAMP degradation pathways may involve other PDEs, together with cAMP extrusion via multidrug resistance proteins (Wielinga et al., 2003) .
Our results also demonstrate the occurrence of tonic cAMP production in the submembrane domain at a sufficiently high level for the tonic activation of PKA. This situation is reminiscent of the maintenance of steady-state cGMP levels in the submicromolar range in thalamic neurons by concomitant guanylyl cyclase and PDE2 activities . Why would a cell waste ATP in such a 'futile cycle'? It is possible that tonic cAMP production and PKA activity provide more possibilities for signal integration and crosstalk with other cascades (Houslay and Milligan, 1997) . Unlike an on/off system gated exclusively by Gs proteins, tonic activity allows both up-and downregulation, with G i proteins, phosphodiesterases and phosphatases all able to play a role. This situation is exemplified here for PDE4. The maintenance of this constitutive cAMP level throughout the bulk cytosol may be too costly for the neuron, and such tonic activity is therefore restricted to small dendrites, in which maximal flexibility is required to control neuronal excitability and the response to neurotransmitters.
Toward a cellular model of the therapeutic efficacy of rolipram
The cAMP/PKA signaling cascade is altered in several neuropsychiatric diseases (Wachtel, 1990; Duman et al., 1997; Perez et al., 2000) . PKA has been evaluated as a target for the treatment of memory deficits, but the indiscriminate potentiation of PKA has been shown to have complex, and sometimes opposite, effects (Ramos et al., 2003; Arnsten et al., 2005) . Previous studies have shown that PDE4 inhibition potentiates the ␤ 1 -AR response (Yamashita et al., 1997; H. T. Zhang et al., 2005) : this effect possibly relates to the procognitive and antidepressant properties of the PDE4 inhibitor rolipram. Our experiments provide a mechanistic explanation, at the cellular level, for the effects of rolipram. In the bulk cytosol, the potentiating effect of rolipram on the ␤ 1 -AR response was observed at low doses of agonist. Rolipram thus renders the neurons responsive to low agonist levels that would otherwise have little or no effect. These findings suggest that rolipram restores the postsynaptic response when the amount of neuromodulator released falls below the physiological detection threshold, thereby restoring normal function. In addition to its effect on the cytosolic integration of neuromodulatory responses, rolipram, when used alone, increases cAMP concentration and PKA activity at the membrane, thereby having a strong effect on the potassium current underlying the slow AHP. This results in global depolarization and an increase in the excitability of pyramidal cortical neurons. These two effects may account for the overall beneficial effect of rolipram, which compensates for pathologically low levels of neuromodulation and deficits in neuronal excitability (O'Donnell and Zhang, 2004) .
